A ballistic material model for continuous-fiber reinforced composites by Yen, Chian-Fong
University of Nebraska - Lincoln 
DigitalCommons@University of Nebraska - Lincoln 
US Army Research U.S. Department of Defense 
2012 
A ballistic material model for continuous-fiber reinforced 
composites 
Chian-Fong Yen 
U.S. Army Research Laboratory, chianfong.yen@us.army.mil 
Follow this and additional works at: https://digitalcommons.unl.edu/usarmyresearch 
Yen, Chian-Fong, "A ballistic material model for continuous-fiber reinforced composites" (2012). US Army 
Research. 235. 
https://digitalcommons.unl.edu/usarmyresearch/235 
This Article is brought to you for free and open access by the U.S. Department of Defense at 
DigitalCommons@University of Nebraska - Lincoln. It has been accepted for inclusion in US Army Research by an 
authorized administrator of DigitalCommons@University of Nebraska - Lincoln. 
A ballistic material model for continuous-fiber reinforced composites
Chian-Fong Yen*
U.S. Army Research Laboratory, Aberdeen Proving Ground, MD 21005, United States
a r t i c l e i n f o
Article history:
Received 10 November 2010
Received in revised form
27 December 2011
Accepted 28 December 2011
Available online 30 January 2012
Keywords:
Ballistic impact
Composite materials
Damage mechanics
Material model
Rate effect
a b s t r a c t
A ply-level material constitutive model for plain-weave composite laminates has been developed to
enable computational analyses of progressive damage/failure in the laminates under high velocity
ballistic impact conditions. In this model, failure-initiation criteria and damage evolution laws are
introduced to account for the major fiber-failure modes (tensile, compressive, punch shear and crush
loading). In addition, two matrices related failure modes (in-plane shear and through the thickness
delamination) are also accounted for. These types of fiber and matrix failure modes are commonly
observed during a ballistic event. The composite-material model has been implemented within LS-DYNA
as a user-defined material subroutine and used successfully to predict the damage and ballistic behavior
of composite laminates subjected to various ballistic impact conditions. It is hoped that the availability of
this material model will help facilitate the development of composite structures with enhanced ballistic
survivability.
Published by Elsevier Ltd.
1. Introduction
Composites have long been used in personnel and vehicle
protective/structural applications for protection against various
ballistic and blast threats. Composite materials are well suited to
this role because of their superior stiffness and strength-to-weight
properties over many other classes of materials. Utilization of
composite materials provides mass efficiency with enhanced
survivability for various combat vehicles and protection devices. To
rapidly develop novel protective systems, it is essential to employ
advanced numerical simulations together with experimental
evaluation to assess a range of material and structural solutions.
However, in order to accurately capture the protective performance
using numerical simulations, the compositematerial behaviormust
be modeled correctly. Toward this goal, a robust material model for
composites subjected to blast and ballistic impact has been devel-
oped and validated by the author in preceding decades [1e4]. This
paper reports an extension of the previous work to include
a unidirectional model together with the validation of modeling
composite ballistic behavior using newly acquired material and
ballistic test data.
While composites have been effectively used in personnel and
vehicle protection since World War II, modeling the progression of
damage and ultimate failure caused by blast and ballistic impact
has only been developed since the 1980’s. This is due to the enor-
mous complexity of the material loading and failure that occurs
when a composite is impacted and perforated. During ballistic
impact, composite laminates absorb energy primarily due to the
failure of fibers under axial tension/compression, punch shear and
crush loading. Failure modeling of composite materials under
impact loading has been the subject of numerous studies [5e8].
However, few studies have been reported on modeling progressive
damage/failure in composites under high strain rate ballistic
loading. The composite failure model originally adopted within
LS-DYNA is the ChangeChang [9] model (MAT 22), which provides
various fiber and matrix failure modes solely due to in-plane
stresses in unidirectional lamina. In this 2D failure model, the
failure mode due to out-of-plane shear and normal stresses are
neglected. While this may be sufficient for composite structures
under in-plane loading, this model is not expected to adequately
represent composite material response under transverse impact
loading conditions during which all six stress components are
known to contribute to damage/failure development.
A continuum damage mechanics (CDM) model for unidirec-
tional composite layers based on plane-stress state was reported by
Matzenmiller et al. [10]. Studies reported byWilliam and Vaziri [11]
and Van Hoof et al. [12], have shown that CDM-type post failure-
initiation models can significantly improve the prediction of
impact progressive damage/failure in composite structures. Note
that non-interactive failure criteria (based on maximum strain
assumption) due to tension, punch shear and crush loading were
originally proposed by Van Hoof et al. [12], to account for the major
* Tel.: þ1 410 306 0732; fax: þ1 410 306 0759.
E-mail address: chianfong.yen@us.army.mil.
Contents lists available at SciVerse ScienceDirect
International Journal of Impact Engineering
journal homepage: www.elsevier .com/locate/ i j impeng
0734-743X/$ e see front matter Published by Elsevier Ltd.
doi:10.1016/j.ijimpeng.2011.12.007
International Journal of Impact Engineering 46 (2012) 11e22
failure modes accompanying ballistic impact of composite mate-
rials. This model, however, neglects the rate dependency of the
material response. The same deficiency, i.e., a lack of accountability
for the strain-rate dependent effects in composite materials, can be
assigned to more recent CDM composite material models such as
[13e15]. The latter models are highly advanced in capturing various
continuously distributed static intra-lamina and inter-lamina
damage mechanisms (e.g. fiber breakage within the yarns, fiber/
matrix de-bonding, diffuse delamination/inter-lamina separation
etc.) as well as in accounting for discrete damage modes (e.g.,
transverse micro-cracking). Nevertheless, they fail to include the
effect of rate dependency in composite materials and, hence, are
not considered reliable for modeling the behavior of these mate-
rials under high strain rate loading conditions.
High strain rate and high pressure loading conditions generally
occur in the impact area when a composite material is subjected to
high velocity ballistic impact. Previous studies have shown that
certain composite materials subjected to high rate loadings, such as
blast and ballistic impact, exhibit significant strain rate sensitivity
of both their stiffness and strength. Experimental characterization
of the mechanical behavior of composite materials under high
strain rate conditions has been reported in literature [16,17]. It has
been shown that some protective materials such as woven glass
and aramid composites exhibit significant rate sensitivity [18,19].
To enhance the modeling capability of the progressive failure
behavior of composite laminates due to transverse impact, a rate-
dependent composite lamina model based on the 3D stress field
has been developed and reported herein. The model takes into
account rate dependency of the composite-material response and
can be used to accurately represent the aforementioned experi-
mentally observed strain-rate effects. In this model, damage-
initiation criteria have been developed for all major fiber failure
(tensile, compressive, punch shear and crush loading) and matrix
failure (in-plane shear and through the thickness delamination)
modes. These are supplemented with the corresponding
continuum damage-mechanics evolution laws/equations which
characterize damage progression and the associated decrease in
material stiffness.
The model has been implemented into explicit dynamic codes
such as LS-DYNA as a user-defined subroutine. This material model
can be used to effectively simulate fiber failure, matrix damage, and
delamination behavior under different closure/loading conditions
of the internal delaminated surfaces/cracks (e.g., crack-face
opening, closure and sliding). Furthermore, this progressive
failure modeling approach enables the prediction of delamination
when locations of delamination sites cannot be anticipated; i.e.,
locations of potential delamination initiation are calculated
without a-priori definition of an interlaminar crack surfaces. This
material model has been successfully utilized previously by the
author to characterize the impact damage in composite structures
for a wide range of impact problems [1e4].
The organization of the paper is as follows: A brief account of the
key features/relations of the present material model is provided in
Section 2. Determination of the material parameters required by
the model is given in Section 3, while the validation of the ballistic
modeling capacity is provided in Section 4. The conclusions
resulting from the present study are summarized in Section 5.
2. Composite progressive failure model
The ballistic material model for composite laminates reported
herein considers the contribution of 3D strain state to damage
initiation within plain weave fabric layers and provides an
improved treatment of damage evolution (progressive failure). As
will be shown later, the model can be used to effectively account
for both damage/failure of the fiber reinforcements and the
matrix under high strain-rate and high pressure ballistic impact
conditions.
Strength-based failure criteria are commonly used with the
finite element method to predict failure events in composites
structures. A large number of continuum-based criteria have been
derived to relate internal stresses and experimentally measured
material strengths to the onset of failure. A general tensor poly-
nomial criterion was proposed by Tsai and Wu [20] for failure of
brittle unidirectional fiber composites. Hashin [21] pointed out the
need of establishing failure criteria based on failure modes due to
the fact that a unidirectional fiber composite consists of strong and
stiff fibers and comparatively weak and compliant matrix. For these
two very dissimilar phases, he proposed four different failure
criteria relating to tensile and compressive failure of fibers and
matrix for a unidirectional composite layer.
Over the last two decades, several researchers have proposed
modifications to Hashin criteria to improve its prediction capabil-
ities. Hashin failure criteria were modified to include the effect of
transverse compressive normal stress on the matrix shear strength
by Sun, et al. [22]. The application of the MohreCoulomb (MeC)
criterion to transverse compression under combined transverse
normal and axial shear stresses was studied by Chatterjee [23].
Using a simple modification to account for the difference between
the transverse and axial shear strengths, he was able to obtain good
correlation of matrix failurewith experimental data of compression
tests of angle ply as well as off-axis unidirectional specimens. The
MeC criterionwas also used to include the effect of compression on
the shear strengths of transverse matrix failure by Puck and
Schurmanner [24] and Davila and Camanho [25]. In general, the use
of MeC for the transverse matrix failure has improved the accuracy
over the Hashin matrix failure criterion. However, the effect of
transverse normal stresses on the fiber failure also needs to be
considered for accurately predicting the composite ballistic
behavior.
The proposed failure model has been established by general-
izing Hashin failure criteria [21] to a unidirectional composite
lamina to account for 3D stress effects and to include the effects of
high strain rate and high pressure on composite failure resulting
from a wide range of ballistic/blast loading conditions. The unidi-
rectional model has then been extended to a plain weave lamina.
The MohreCoulomb (MeC) criterion has also been generalized for
modeling the through the thickness fiber/matrix failure of
a composite lamina where fracture under compression is very
different from the fracture under tension.
2.1. Damage-initiation/progression functions
The unidirectional and fabric layer damage-initiation/
progression criteria developed in the present work are expressed
in terms of ply-level engineering strains ( 3x, 3y, 3z, 3xy, 3yz, 3zx) with x, y
and z denoting the in-plane fill, in-plane warp and out-of-plane
directions, respectively. Note that for the unidirectional model, x,
y and z denote the fiber, in-plane transverse and out-of-plane
directions, respectively, while for the fabric model, x, y and z
denote the in-plane fill, in-plane warp and out-of-plane directions,
respectively. The associated Young’s and shear moduli are
(Ex,Ey,Ez,Gxy,Gyz,Gzx).
2.1.1. Unidirectional lamina damage functions
Three fiber damage mechanisms are considered: (a) damage
under combined uniaxial tension and transverse shear; (b) damage
under uniaxial compression; and (c) damage under transverse
compressive loading. Matrix mode failures must occur without
fiber failure, and hence theywill be on planes parallel to fibers. Two
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matrix damage mechanisms are considered: (d) damage plane
perpendicular to the layer plane under in-plane tensile and shear
stresses; and (e) damage plane parallel to the layer plane (delam-
ination) due to through-the-thickness tensile and shear stresses.
Uniaxial tension/Transverse shear
f1  r21 ¼

Exh 3xi
SxT
2
þG
2
xy 3
2
xy þ G2xz 32xz
S2FS
 r21 ¼ 0 (1)
Uniaxial Compression
f2  r22 ¼

Ex

30x

SxC
2
r22 ¼ 0;
3
0
x ¼ max

 3x 
 3y EyEx; 3x  h 3zi
Ez
Ex

ð2Þ
Transverse Compression
f3  r23 ¼
 
Ey
 3y
SFC
!2
þ

Ezh 3zi
SFC
2
r23 ¼ 0 (3)
where hi are Macaulay brackets, SxT and SxC are the axial tensile and
compressive strengths, respectively, and SFS and SFC are the fiber-
shear controlled layer shear strength and crush failure strength,
respectively. The damage thresholds, ri i ¼ 1,2,3, which are set to 1
for the initial damage-free material. The individual failure criterion
is then used to determine the onset of the associated fiber damage
mode when the straining condition provides f1 ¼1, f2 ¼ 1 or f3 ¼ 1.
In Eq. (1), the unidirectional fiber tensile/shear damage is given
by the quadratic interaction between the associated axial and
through the thickness shear strains. This fiber failure is a general-
ization of the criterion of Hashin for a unidirectional layer. It is,
however, important to note that the fiber shear failure, which is
commonly observed under ballistic loading conditions, is governed
by the layer (punch) shear strength (SFS) and this mode of fiber
failure was not covered by the original Hashin’s model [21].
In Eq. (2), it is assumed that the in-plane compressive damage in
the axial fiber directions is given by the maximum strain criterion,
when 3x is compressive. Note that the effect of transverse
compressive strains on the in-plane compressive damage is taken
into account.
When a composite material is subjected to transverse impact by
a projectile, high compressive stresses will generally occur in the
impact area with high shear stresses in the surrounding area
between the projectile and the targetmaterial.While thefiber shear
punchdamagedue to thehigh shear stresses canbe accounted for by
Eq. (1), the crush damage due to the high through the thickness
compressive stresses is modeled using the criterion of Eq. (3).
Perpendicular Matrix Damage
f4 r24 ¼
( 
Ey

3y

SyUT
!2
þ
"
Gyz 3yz
Syz0þSySR
#2
þ
"
Gxy 3xy
Sxy0þSySR
#2)
 r24 ¼ 0
(4)
Parallel Matric Damage (Delamination)
f5 r25 ¼ S2
(
Ezh 3zi
SzUT
2
þ
"
Gyz 3yz
Syz0þSzSR
#2
þ

Gxz 3xz
Sxz0þSzSR
	2)
 r25 ¼ 0
(5)
where r4 and r5 are the damage thresholds for modes 4 and 5,
respectively; SyUT and SzUT are the transverse tensile strengths in
the y and z directions, respectively; and Sxy0, Syz0 and Sxz0 are the
shear strengths corresponding to the tensile modes in the associ-
ated directions, i.e. 3y  0 or 3z  0. Under compressive transverse
strain, 3y < 0 or 3z < 0, the internal surfaces induced by matrix
cracking are considered to be in full contact, and the damage
strengths are assumed to be dependent on the associated
compressive normal strain 3y or 3z similar to the Coulomb-Mohr
theory, i.e.,
SySR ¼ Eytan 4U
 3y (6)
SzSR ¼ Eztan 4Uh 3zi (7)
where 4U is the Coulomb’s friction angle.
While the damage surface due to Eq. (4) is perpendicular to the
composite layer plane and is associated with transverse matrix
cracking, the damage surface due to Eq. (5), which is the quadratic
interaction between the thickness stresses, is parallel to the
composite layer plane and is associated with inter-layer separation/
delamination. Note that a scale value S is introduced into Eq. (5) to
account for the stress concentration factor at the delamination
front. During numerical simulations, S value greater than 1.0 is
assigned only to the composite laminate regions adjacent to the
delamination front(s). No stress concentration effects are consid-
ered in the remainder of the composite laminate and S is set to 1.0.
In order to identify the delamination front elements, an array of
elements surrounding the current active element is passed into the
material subroutine from the main program of LS-DYNA. If the
onset of delamination is computed in the active element during the
current loading step, those surrounding elements, which are in the
same composite layer plane but are not yet delaminated, are
identified as the delamination front elements by flagging a history
variable associated with each of those elements for assigning the S
value in the later loading steps. When an appropriate value for the
scale factor S is selected, this non-local approach was found to
provide better correlation of delamination area with experiments.
Such optimal value of the scale factor can be determined by fitting
the analytical prediction to experimental data for the delamination
area.
The damage criteria fi  ri2 ¼ 0, i ¼ 1,.,5, given in Eqs. (1)e(5)
provide the damage initiation/progression surfaces in strain
space. For the undamaged state, ri are set to 1, and, thus, the
material remains in the initial undamaged state as long as fi 10,
for each i (i ¼ 1,.,5). The damage evolution laws introduced in the
next section are used to model the damage progression behavior.
2.1.2. Plain weave fabric lamina damage functions
Similar to the unidirectional model, five fiber damage mecha-
nisms are considered: (a) damage under combined uniaxial tension
and transverse shear, fill and warp fibers are treated separately; (b)
damage under uniaxial compression, fill and warp fibers are
considered separately; and (c) damage under transverse
compressive loading, no distinction between fill and warp fibers is
made. Two matrix damage mechanisms are also considered: (d)
damage under in-plane shear loading; and (e) delamination due to
through-the-thickness tensile and shear stresses. The plain weave
model was reported in Ref. [1] and is summarized as follows for the
sake of completeness.
First, the fiber failure criteria of Hashin for a unidirectional layer
are generalized to characterize the fiber damage in terms of strain
components for a plain weave layer. The fill and warp fiber tensile/
shear damage are given by the quadratic interaction between the
associated axial and through the thickness shear strains, i.e.,
C.-F. Yen / International Journal of Impact Engineering 46 (2012) 11e22 13
f6  r26 ¼
 
Exh 3xi
SxT
!2
þ

Gxz 3xz
SxFS
2
r26 ¼ 0
f7  r27 ¼
 
Ey

3y

SyT
!2
þ
 
Gyz 3yz
SyFS
!2
r27 ¼ 0
(8)
where SxT and SyT are the axial tensile strengths in the fill and warp
directions, respectively, and SxFS and SyFS are the layer shear
strengths due to fiber shear failure in the fill and warp directions.
These failure criteria are applicable when the associated 3x or 3y is
positive. The damage thresholds r6 and r7 are equal to 1 without
damage.
When 3x or 3y is compressive, it is assumed that the in-plane
compressive damage in the fill and warp directions are given by
the maximum strain criterion, i.e.,
f8  r28 ¼
 
Ex

30x

SxC
!2
r28 ¼ 0; 30x ¼  3x  h 3zi
Ez
Ex
f9  r29 ¼
 
Ey

30y

SyC
!2
r29 ¼ 0; 30y ¼  3y  h 3zi
Ez
Ey
(9)
where SxC and SyC are the axial compressive strengths in the fill and
warp directions, respectively, and r8 and r9 are the corresponding
damage thresholds.
The crush damage due to the high through the thickness
compressive pressure is modeled using the following criterion:
f10  r210 ¼

Ezh 3zi
SFC
2
r210 ¼ 0 (10)
where SFC is the fiber crush strengths and r10 is the associated
damage threshold.
A plain weave layer can be damaged under in-plane shear
stressing without occurrence of fiber breakage. This in-plane
matrix damage mode is given by
f11  r211 ¼

Gxy 3xy
Sxy
	2
r211 ¼ 0 (11)
where Sxy is the layer shear strength due tomatrix shear failure and
r11 is the damage threshold.
Another failure mode, which is due to the quadratic interaction
between the thickness strains, is expected to be mainly a matrix
failure. This through the thickness matrix failure criterion is
assumed to have the following form:
f12r212 ¼ S2
(
Ezh 3zi
SzT
2
þ
"
Gyz 3yz
Syz0þSSR
#2
þ

Gxz 3xz
Sxz0þSSR
	2)
r212 ¼ 0
(12)
where r12 is the damage threshold, SzT is the through the thickness
tensile strength, and Syz0 and Sxzo are the shear strengths for tensile 3z.
The damage surface due to Eq. (12) is parallel to the composite
layering plane. Under compressive through the thickness strain,
3c < 0, the damaged surface (delamination) is considered to be
“closed”, and the damage strengths are assumed to depend on the
compressivenormal strain 3c similar to theCoulomb-Mohr theory, i.e.,
SSR ¼ Eztan 4h 3zi (13)
where 4 is the Coulomb’s friction angle. Similar to the unidirec-
tional model, a scale factor S is introduced to provide better
correlation of delamination area with experiments. The scale factor
S can be determined by fitting the analytical prediction to experi-
mental data for the delamination area.
2.2. Damage evolution laws
To quantify the extent of damage-induced stiffness loss, six
damage variables 6j with j ¼ 1,.6, are introduced, one for each of
the six moduli mentioned earlier. The compliance matrix S is
related to the damage variables as in Ref. [10]:
The stiffness matrix C is obtained by inverting the compliance
matrix, [C] ¼ [S*]1.
As suggested in Matzenmiller et al. [10], the growth rate of
damage variables _6j, is defined by the following type of evolution
law:
_6j ¼
X
i
_fiqji (15)
where the scalar functions _fi (i ¼ 1,.,12) define the growth rate of
damage mode, i, and the binary vector-valued functions qji
(j ¼ 1,.6, i ¼ 1,.,12) provide the coupling between the individual
damage variables, 6j, and one of the previously defined seven
damage modes (each characterized by its damage-initiation func-
tion fi).
h
S*
i
¼
2
66666666666666666666666664
1
ð161ÞEx
nyx
Ey
nzx
Ez
0 0 0
nxy
Ex
1
ð162ÞEy
nzy
Ez
0 0 0
nxz
Ex
nyz
Ey
1
ð163ÞEz
0 0 0
0 0 0
1
ð164ÞGxy
0 0
0 0 0 0
1
ð165ÞGyz
0
0 0 0 0 0
1
ð166ÞGzx
3
77777777777777777777777775
(14)
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2.2.1. Derivation of _fi
As described previously, the damage criteria fi  ri2 ¼ 0 of Eqs.
(1)e(5) or (8)e(12) provide the damage surfaces in strain space.
The growth rate of damage type i, _fi, will be non-zero when the
strain path crosses the corresponding updated damage surface
fi  ri2 ¼ 0 and the associated strain-vector increment has a positive
component along the outward normal to the damage surface, i.e.,
when
P
kðvfi=v 3kÞ_3k > 0, where k(¼1,.,6) is used to denote six
components of the strain vector. Combined with a damage growth
function gið 3k;6jÞ, _fi is assumed to have the form
_fi ¼
X
k
gi
vfi
v 3k
_3k (16)
Choosing
gi ¼
1
2
ð1 fiÞf
m
2
1
i (17)
and noting that
X
k
vfi
v 3k
_3k ¼ _f i (18)
for the quadratic functions of Eqs. (1)e(5) or (8)e(12), leads to
_fi ¼
1
2
ð1 fiÞf
m
2
1
i
_f iðno summation over iÞ (19)
where fi is a variable representing the extent of mode-i damage,
and m is a material constant that quantifies sensitivity of the
material stiffness to the extent of damage. To summarize, Eq. (19)
governs the rate of progression of different damage modes and,
in turn, the extent of stiffness loss as a function of damage with
multiple damage modes. As described in Ref. [10], the gi of Eq. (17)
is chosen to ensure that a Weibull distribution for damage flaw
accumulation is realized for the softening behavior under the
unidirectional straining condition.
2.2.2. Derivation of qji
For the fiber tensile/shear and compressive damage of modes of
6e9 defined in the fabric model, the damage coupling vector q6i, q7i,
q8i and q9i are chosen such that thefiber damage in either thefill and
warp direction results in stiffness reduction in the loading direction
and in the related shear directions. For the fabric fiber crush damage
of mode 10, the damage coupling vector q10i is chosen such that all
the stiffness values are reduced as an element is failed under the
crush mode. For the fabric in-plane matrix shear failure of mode 11,
the stiffness reduction due to q11i is limited to in-plane shear
modulus, while the through-the-thickness matrix damage (delam-
ination) of mode 12, the coupling vector q12i is chosen for the
through thickness tensile modulus and shear moduli. The damage
coupling matrix qij for the unidirectional model can be established
accordingly. Consequently, the damage coupling functions qji for the
unidirectional and fabric models, respectively, are then
½q ¼
h
quni;qfabric
i
½quni ¼
2
66666666664
1 1 1 0 0
0 0 1 1 0
0 0 1 0 1
1 1 1 1 0
0 0 1 1 1
1 1 1 0 1
3
77777777775
;
h
qfabric
i
¼
2
66666666664
1 0 1 0 1 0 0
0 1 0 1 1 0 0
0 0 0 0 1 0 1
1 1 1 1 1 1 0
0 1 0 1 1 0 1
1 0 1 0 1 0 1
3
77777777775
(20)
Through Eq. (15), the above function qji relates the individual
damage variables 6j to the various damage modes provided by the
damage functions of the fabric models.
2.2.3. Derivation of 6j
Utilizing the damage coupling functions of Eq. (20) and the
growth function of Eq. (19), a damage variable 6j can be obtained
from Eq. (15) for an individual failure mode i as
6j ¼ 1 e
1
m ð1rmi Þ; ri  1 (21)
Note that the damage thresholds ri given in the damage-initia-
tion criteria of Eqs. (1)e(5) and (8)e(12) are continuously
increasing functions with increasing damage. The damage thresh-
olds have an initial value of one, which results in a zero value for the
associated damage variable 6j, in accordance with Eq. (21). This
condition defines an initial damage-free elastic region bounded by
the damage functions in strain space. The nonlinear material
response is modeled by enabling the damage surfaces to expand
and the damage threshold ri to increase as a result of increase in
damage of type i. This, in turn, causes an increase in the associated
damage variable(s) 6j and a decrease in material stiffness. Reduc-
tion in material stiffness associated with an increase in damage
variables 6j is governed by Eq. (15). In other words, within the
strain space bounded by the damage surface material response
remains elastic while the material stiffness is governed by the
extent of damage. When fiber tensile/shear damage of a fabric layer
is predicted in a layer by Eq. (8), the load carrying capacity of that
layer in the associated direction is reduced to zero according to
damage variable Eq. (21). On the other hand, when fiber
compressive damage is predicted in a fabric layer by Eq. (9), the
layer is assumed to retain a residual strength in the damaged
direction. For the fill and warp fibers, the residual strengths are
denoted as SxCR and SyCR, respectively. To account for this residual
stiffness/strength effect, the damage variables of Eq. (21) for the
compressive failure modes have been modified in the fill and warp
directions, as
6j ¼


1 e1m ð1rmi Þ

ð1 hiÞ; i ¼ 3 or 4

h3
h4

¼
8><
>:
SxCR
Ex 30x
SyCR
Ey 30y
9>>=
>>;
(22)
For through the thickness matrix (delamination) failure in
a fabric layer given by Eq. (12), the in-plane load carrying capacity
within the element is assumed to be elastic (i.e., no in-plane
damage). The load carrying behavior in the through the thickness
direction is assumed to depend on the opening or closing of the
internal delaminated surfaces. For tensile loading, 3z > 0, the
through-the thickness-stress components are softened and ulti-
mately reduced to zero due to the damage criteria described above.
For compressive loading, 3z < 0, the internal delaminated surfaces
are considered to be closed, and thus, sz is assumed to be elastic,
while syz and szx are allowed to reduce to a sliding friction stress of
Eq. (13). Accordingly, for the through-the-thickness matrix failure
of mode 12 under compressive loading, the damage variable Eq.
(21) is further modified to account for the residual sliding strength
SSR of the form

65
66

¼


1 e1mð1rm7 Þ
0@1 SSRh
Gyz 3yz
2þðGzx 3zxÞ2i1=2
1
A (23)
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where the sliding strength is given by Eq. (13). Note that the
modifications of uj for an unidirectional layer to account for the
residual behavior can be carried out similar the procedure
described above for a fabric layer.
2.3. Typical stress-strain response and damage surface
Fig. 1 shows typical axial tensile and compressive stress-strain
curves obtained using the present progressive-damage
composite-material model for a plain weave S2/Epoxy layer with
a value of 4.0 assigned to the damage model parameter, m. Fig. 1(a)
shows that, under monotonic loading, the model provides an initial
damage-free elastic response up to the stress values of 586 MPa
(85 ksi) for tension and 345 MPa (50 ksi) for compression. This is
followed by a post damage-initiation material response character-
ized by continued softening. Note that the compressive stress
reduces ultimately to a residual strength of 103 MPa (15 ksi) and
remains constant afterward. Fig. 1(b) shows stress-strain curves
due to cyclic loading along the fill-fiber direction (direction x). It
demonstrates the effect of the accumulated damage on the stress-
strain response. Note that during unloading/reloading, the material
is more compliant than the initial damage-free material. The
associated reduced elastic modulus is equal to (161)Ex, where 61
is the updated damage parameter for the axial fiber damage mode.
Fig. 2 shows typical axial shear stress-strain curves obtained
from the damagemodel. Shown in Fig. 2a are the shear stress-strain
curves for szx with tensile through the thickness normal loads
(opening delamination). Fig. 2b shows the effect of the compressive
through the thickness normal stress (closing delamination), sz on
the szx stress-strain response for a Coulomb’s friction angle 4¼ 20.
Fig. 3 shows the typical stress-strain curves of a unidirectional
S2/Epoxy layer. It demonstrates the energy absorption capacity in
the axial fiber direction is significantly higher than those associated
with the fracture due to matrix damage resulted from the trans-
verse tensile and in-plane shear loadings.
2.4. Strain-rate dependent formulation
The effect of strain rate on the mechanical response of
composite laminates is modeled by making strength values
appearing in Eqs. (1)e(5) and (8)e(12) and the six elastic moduli,
strain-rate dependent quantities. Strength values are made strain-
rate dependent through the introduction of a scale factor as
fSRTg ¼ fS0g

1þC1ln
f_3g
_30

fSRTg ¼
8>>>><
>>>>:
SxT
SyT
SxC
SyC
SFC
SxFC
SyFS
9>>>>=
>>>>;
RT
;fS0g ¼
8>>>><
>>>>:
SxT
SyT
SxC
SyC
SFC
SxFC
SyFS
9>>>>=
>>>>;
0
and f_3g ¼
8>>>>><
>>>>>:
_3x_3y_3x_3y_3z_3zx_3zy
9>>>>>=
>>>>>;
(24)
where C1 is the strain rate constant, and {S0} are the strength values
of {SRT} at the reference strain rate _30.
The strain-rate effect on the layer elastic moduli is modeled in
an analogous fashion as:
fERTg ¼ fE0g

1þ C2ln
f_3g
_30

fERTg ¼
8>>><
>>>:
Ex
Ey
Ez
Gxy
Gyz
Gzx
9>>>=
>>>;
RT
and fE0g ¼
8>>><
>>>:
Ex
Ey
Ez
Gxy
Gyz
Gzx
9>>>=
>>>;
0
(25)
where {E0} are the moduli of {ERT} at the reference strain rate _30.
The effect of strain rate on the axial stress-strain response is shown
in Fig. 4 for C1 ¼ 0.02 and C2 ¼ 0.
3. Material-model parameterization
3.1. In-plane strength and modulus strain-rate dependence
parameters
A literature survey has been conducted to identify the effect of
strain-rate on the composite strength properties. Reviews of works
and development in the area concerning themechanical behavior of
composite materials under high strain rate conditions are reported
in Refs. [5,16,17 and 26]. In general, the experimental data indicates
that composite failure strength is sensitive to the strain rate for glass/
epoxy plain weave composites and much less so for carbon.
Fig. 1. Axial stress-strain curves for damage model under (a) Monotonic and (b) Cyclic loading conditions.
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Various public-domain experimental data has been utilized to
determine strength ({S0} and C1) and modulus ({E0} and C2) strain-
rate dependency parameters for various composite systems and
reported in [2] and [3]. Typical strain-rate dependent tensile and
shear punch data for a fine weave glass composite was obtained by
Hopkinson Pressure Bar testing (HPBT) and reported in [27] and
[18], respectively. It was shown in [2] that these tensile and shear
punch stress-strain curves can be accurately represented by the
material model using the proper rate-dependentmodulus, strength
and damage parameters.
Of particular interest in this study is the dynamic behavior of the
S2-glass/Epoxy plain weave composite laminates. The dynamic
compressive stress-stain data of HPBT was reported by Song et al.
[28], and shows in Fig. 5. The plain weave laminate shows
a moderate increase in modulus, strength, and strain to failure with
increasing strain rate. Fig. 5 also shows the computed stress-strain
curves using the proposed material model for strain-rates ranging
from 1/sec to 104/sec. Note that the modeling results for the GFRP
composite were obtained by using the rate-dependent modulus,
strength and damage parameters of C1¼0.03, C2¼ 0.03 andm¼ 4. It
is seen that the proposed material model can represent the overall
rate-dependent nonlinear stress-strain response reasonably well.
It is important to note that in order to accurately account for the
experimentally observed strain-rate dependency of the in-plane
tensile and punch shear strengths over a wide strain-rate range
multiple values of the strain rate constants C1 and C2 may be
required. However, it should be recognized that under ballistic
impact conditions, it is expected that the composite failure will
mainly occur under relatively high strain rates, i.e.,_3  1 s1.
Therefore, for the correlation shown in Fig. 5, as well as the ballistic
impact analysis reported later, the use of single values of C1 and C2
with a cut-off strain rate _3c is recommended. For the current S2-
glass/Epoxy plain weave laminate, it assumes that the strengths
remain constant (rate independent) for strain rates below the cut-
off threshold at 1.0 s1.
3.2. Crush compressive and punch-shear fiber strengths
Typical ballistic impact tests aswell as ballistic simulation studies
have indicated that the fiber shear failure resulting from the
Fig. 3. Stress-strain curves of a unidirectional layer for axial tensile, transverse tensile
and in-plane shear loads.
Fig. 4. Axial tensile stress-strain curves for damage model under various constant
strain rate loading.
Fig. 2. Shear stress-strain curves for damage model under the effect of through the thickness normal load, (a) Opening delamination and (b) Closing delamination.
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through-thickness impact loading has had an important effect on
the ballistic capacity of composite laminates [1,2]. It is expected that
during high-velocity impact, large normal stresses are created in the
direction orthogonal to the layer surfaces and that these stresses
may induce shear failure along weak material planes. In unidirec-
tional composites such failure usually occurs without cutting the
fibers and thismatrix dominated shear strength is typically very low
[29,30]. Collin [31] performed compression tests using cube-shaped
thick unidirectional-composite specimens by loading in one of the
transverse directions, but providing constraint in the axial fiber
direction. As the specimen is allowed to expand in the un-
constrained transverse direction, matrix dominated failure has
been found to occur in the transverse direction. It was mentioned
previously that such matrix shear failure under the influence of
normal stress can be accurately modeled by taking into consider-
ation the effect of transverse compression under combined trans-
verse normal and axial shear stresses using MeC criterion [23].
The effect of transverse normal stresses on the fiber failure has,
however, drawn less attention. It is important to note that fiber
failure under transverse compressive loading cannot be accurately
predicted by the original Hashin failure model [21] since transverse
shear mode of failure was not considered in the original Hashin
failure model. In this work, the compressive loading is considered
to contribute to both crush failure (Eq. (3) or (10)) and transverse
shear failure (Eq. (1) or (8)) of the fibers. The required shear
composite failure strengths for the fiber breakage due to the
through-thickness compressive loading can be obtained from the
laterally constrained compression test (LCCT) procedure.
The laterally constrained compression test procedure originally
used by Collin [31] was extended to characterize the shear failure
strength of fibers in both unidirectional and plain weave laminates.
Fig. 6 shows the transversely constrained compression test fixture
introduced by Collin. It is seen that one of the fiber directions of
a plain weave composite specimen is arranged in the x direction,
the compressive load is applied in the through the thickness
direction z (perpendicular to the lamination planes) while the
lateral constraint is provided to the other in-plane fiber direction y.
Utilizing this LCCT, fiber shear failure is introduced as a result of the
transverse compressive load. A failure surface cutting through the
fibers with an inclined angle in the compressive loading direction
typically results from such a compressive test.
By loading the specimen in the through-thickness direction and
constraining laterally in one direction, failure must occur on certain
preferred planes cutting the fibers. In particular, for homogeneous
materials obeying Tresca or Mohr-Coulomb type strength criterion,
failure will occur by sliding on planes perpendicular to the faces
which are constrained (the plane making an angle q to the through-
thickness plane as shown in Fig. 7). In plain weave fiber reinforced
composites, such failures are possible only after a shear type failure
in the fibers occurs. In woven fabric composite with fibers running
in two perpendicular directions, one set of fibers (which are more
highly stressed) will likely fail in shear before the other. Fig. 6
shows the front view from the constrained side indicating shear
failure cutting fibers in the unconstrained direction.
For the case of plain weave specimens with one of the warp (0)
or fill (90) fiber direction coinciding with the unconstraint direc-
tion, the following stresses exist when the compressive stress on
the specimen is SFC,
SNFS ¼ 0:5 SFCsin 2q
SN ¼ SFCcos2 q
(26)
where SNFS and SN are shear and compressive normal stresses,
respectively, and q is the angle of the shear sliding plane shown in
Fig. 7. The above equations are obtained using the two principal
stresses, i.e., compressive stress SFC and zero. The other (interme-
diate compressive) principal stress (on planes parallel to the con-
strained faces) does not contribute to the stresses in Eq. (26).
The crush strength, SFC, for S-2 Glass/Epoxy composite was
measured using cubes with sides of 0.5 inch and 0.75 inch. For each
specimen size, both of the 0 and 90 plain weave composite
Fig. 5. Comparison of axial stress-strain response between modeling results and test
data [28] for various constant strain-rates.
Fig. 6. Laterally constrained transverse compressive test fixture and unidirectional
specimen.
Fig. 7. Shear failure plane cutting fibers under transverse compression.
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orientations were tested. The volume fractions of fiber reinforce-
ments in 0 and 90 directions govern the composite fiber shear
strength and the crush strength. For thematerial tested, the amount
of reinforcements in the two directions is nearly equal. The crush
strengths for the twoorientations for 0.75 inch cubes are similar. The
average values for 0 and 90 orientations are 758MPa (110 ksi) and
745MPa(108ksi), respectively. For0.5 inchcubes, the averagevalues
for the two orientations differ by 6%with average values of 724MPa
(105 ksi) and 683 MPa (99 ksi). It may be noted that for smaller
specimens the amount of fibers may be affected by the location of
themachining planes with respect to the fiber yarns. Therefore, test
data for 0.7 inch cubes appear tobemore reliable and thevalueof the
average of the 0 and 90 crush strengths (SFC ¼ 751 MPa (109 ksi))
was used to calculate the punch shear strength SFS using Eq. (26).
Before the value of the fiber punch shear strength SFS can be
calculated, one must determine the failure plane angle q. For plain
weave composite-laminate architectures, the failure planes are
often corrugated and exhibit a zigzag pattern. A typical fracture
surface in plain-weave composite material specimens failed by
shear of 0 fibers is shown in Fig. 8. It appears that failure possibly
initiates in some fiber yarns in the composite fiber shear failure
mode, which is followed by very localized inter-yarn and/or inter-
layer de-bonding which offset the shear plane in subsequent
layers. The failure planes are measured from the failed specimens
and the value of q lies between 40 and 42. Therefore, a value of
41 was used to calculate SFS ¼ 751 MPa (109 ksi).
The fiber shear failure behavior of a plain weave layer is
modeled by Eq. (8) where the required punch-shear strength values
of SxFS and SyFS are the SFS values obtained from the laterally con-
strained transverse compression tests in the x and y directions,
respectively. The measured fiber shear strength allows us to
construct the failure envelope associated with the through the
thickness components (sz, szx) for the tested S2/Epoxy plain weave
layer shown in Fig. 9. The matrix strength failure envelope is gov-
erned by Eq. (12) for both the tensile and compressive through the
thickness normal stress. The fiber shear strength is given by
equation (8), while the crush strength is provided by equation (10).
The residual strength of fractured material under shear stress is
provided by the Coulomb-Mohr criterion of equation (7) with Sxz0
set to zero where 4 ¼ 8 as given in Ref. [1].
4. Material-model additional parameterization and
validation
In this section, a series of ballistic impact computational analyses
of composite laminateswith projectiles is carried out and the results
compared with their experimental counterparts. The outcome of
this comparison was next used to both identify the still-
undetermined material-model parameters and to provide valida-
tion for the present material model. The objective of this task is to
evaluate the capability of utilizing the proposed progressive failure
criteriawithin 3D brick element of LS-DYNA to model the structural
response of composite plates subjected to high velocity ballistic
impact conditions. Simulations of the ballistic impact of two S2-
Glass/Epoxy composite panels were conducted by accounting for
the strain-rate sensitivity properties. Analyses were performed to
predict and correlate the measured perforation limit velocity (V50)
and damages in the composite plates subjected to fragment simu-
lating projectile (FSP) impact testing. The analyzed ballistic prob-
lems were: (1) a 3.41 kg/m2 composite plate of 30.5 cm 
30.5 cm  1.8 cm subjected to 0.50 caliber FSP impact [32], and (2)
a 1.18 kg/m2 composite plate of 30.5 cm  30.5 cm  0.623 cm
subjected to 0.30 caliber FSP impact.
The finite element models for the 1.18 kg/m2 composite panel
and the 0.30 caliber FSP are shown in Fig. 10. Only one quadrant of
the composite panel and one quadrant of the FSP with chisel head
were modeled due to the geometric and material symmetry. Both
the plate and the projectile were modeled with 8-node brick
elements with a single integration point. There were 24 layers of
elements through the thickness.
The panel was placed over a rigid ring with a rigid body contact
surface assumed between the plate and the ring. Initial velocity was
provided to the impacter/FSP to start the analysis. The projectile
was made out of AISI 4340 steel which was modeled as an elasto-
plastic material. An eroding contact algorithm provided within
LS-DYNA together with the integrated failure model was used to
simulate the contact and penetration between the projectile and
the impact area of the plate. Note that the element erosion criterion
is associated with the complete fiber failure in both plain weave
yarn directions. All failed elements were deleted and the contact
surfaces were automatically updated to the newly exposed layers of
material.
The material properties for an S2-Glass/Epoxy plain weave
composite layer and the AISI 4340 steel FSP, listed in Table 1, were
used to perform the simulation. The composite-material quasi-
static elastic properties were obtained from the MIL-HDBK-17-3E
handbook [33]. The axial tensile and compressive strength values
of the plain weave S2-glass/epoxy composite were obtained from
the routine tensile and compressive tests, while the punch shear
and crush strengths were determined from the LCCT tests
described in the previous section. Note that the composite layer
strengths related to the fiber failure, which include the in-plane
tensile and compressive strengths as well as the out-of-plane
punch shear and crush strengths, have strong effects on the
composite ballistic behavior.Fig. 8. Typical damage surface of a fractured specimen.
Fig. 9. Failure envelope associates with the through-thickness-stress components
(sZ,sZx) for an S2/Epoxy plain weave layer.
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It was described in Section 3.1 that the strain-rate dependent
axial stress-strain data provided in Ref. [28] for the current S2-
glass/epoxy plain weave laminate can be reasonably represented
by the rate effect parameters of C1¼0.03 and C2¼ 0.03, which were
used in the current simulations of the test cases (1) and (2). This
should provide an improvement over the earlier correlation studies
of the test cases of (1) provided in Ref. [1] for which the strain-rate
considerationwas only limited to the composite strength while the
rate effect of elastic modulus was neglected due to the lack of data.
The post failure damage softening parameter,m ¼ 4, was chosen
due to the fact that it usually provided the best agreement between
the computed and the experimentally measured values of the
ballistic limitV50 for several cases reported inprevious studies [1e3].
Additionally, it is evidently demonstrated that m ¼ 4 provided the
best agreement between the computed and the experimentally
measured value for the ballistic limit V50 for the first case of the
3.41 kg/m2 plate subjected to 0.50 Caliber FSP impact.
The set of material properties listed in Table 1 were then used to
predict the V50 of the 1.18 kg/m2 composite plate subjected to
impact by a 0.30 caliber FSP. Fig. 11 shows the time histories of
projectile velocity for three values of initial impact velocity. Note
that the initial velocity is negative (downward) and the rebounding
velocity is positive, which is not shown in the figure for clarity. It is
seen from Fig.11 that the predicted V50 of the second panel is about
1345 fps (410 m/s), which is about 6% higher than the experimental
value of 1270 fps (387 m/s).
For the second series of ballistic tests, the damage zones were
visible on each target to compare the relative sizes of damage area.
To increase the visibility and contrast, targets were placed against
a backlit box, and the images of each impact area were captured.
The visible area of each damage zone was quantified using Axio-
Vision image processing software (Carl Zeiss, Inc.) [34]. Fig. 12
shows a typical back lit image of a damaged target subjected to
an impact velocity of 342 m/sec. The back lit image is compared to
the image obtained by using the well-known C-scan with satis-
factory result. In Fig. 13, the measured damage areas are plotted
with the associated impact velocities.
To determine an optimal value for the stress concentration
parameter for delamination propagation, S, a comparison is made
between the computed and experimentally measured delamina-
tion areas for the first test series. The effect of different S values on
the delamination areas as function of the impact velocities is shown
in Fig. 13. Based on the results displayed in this figure, the value of
S¼ 1.1 clearly provides the best match of predicted damage areas to
the experimental data for the impact velocities ranging from partial
penetration to complete perforation. Note that the value of S ¼ 1.1
was also used in the previous ballistic simulations of the first case
and matched the experimental data of delamination areas with
reasonable accuracy.
It is important to point out that the main goal of this research is
to develop a robust modeling tool which can effectively be used to
simulate the ballistic capacity of plain weave laminates of various
configurations subjected to impact of different projectiles with
a wide range of velocities. The accuracy of the model was validated
by providing blind predictions for a series of glass/epoxy laminates
of various areal densities subjected to impact by several types of
projectiles with measured V50 and residual velocities as reported
in Yen and Morris [35] and [4]. Note that a set of material param-
eters was obtained for the composite by following the procedure
described in this paper based on a set of data of a composite system.
This was then used for predicting the remaining test cases. The
predicted V50s and residual velocities are within 10% of the
Fig. 10. Finite element model for a composite panel and an FSP impacter, (a) Full view, and (b) Close-up of impact area.
Table 1
Material properties used for dynamic analysis.
S2-glass/Epoxy plain weave layer
Ex ¼ Ey ¼ 24.1 GPa (3.5 Msi) Ez ¼ 10.4 GPa (1.51 Msi)
nxy ¼ 0.12 nxz ¼ nyz ¼ 0.40
Gxy ¼ Gyz ¼ Gzx ¼ 5.9 GPa (0.85 Msi)
SxT ¼ SyT ¼ 0.59 GPa (85 ksi) SxC ¼ SyC ¼ 0.35 GPa (50 ksi)
SzT ¼ 69 MPa (10 ksi) SFC ¼ 0.75 GPa (108 ksi)
SFS ¼ 0.37 GPa (54 ksi) SxCR ¼ SyCR ¼ 0.10 GPa (15 ksi)
Sxy ¼ Syz ¼ Szx ¼ 48.3 MPa (7 ksi)
S ¼ 1.1 C1 ¼ 0.03, C2 ¼ 0.03, _30 ¼ 1 s1
4 ¼ 8 m ¼ 4
r ¼ 1783 kg/m3 (1.668  104 lbs-s2/in4)
Steel 4340
E ¼ 207 GPa (30 Msi) n ¼ 0.33
sy
a ¼ 1.03 GPa (150 Ksi) Etb ¼ 6.9 GPa (1.0 Msi)
3f
c ¼ 0.35 r ¼ 7877 kg/m3
(7.37  104 lbs-s2/in4)
a Yield stress.
b Plastic tangent modulus.
c Failure strain.
Fig. 11. Computed time histories of projectile velocity for an S2-Glass/Epoxy composite
subjected to 0.22 caliber FSP impact.
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associated experimental data. The modeling accuracy has been
accomplished by considering strain-rate effects for the fiber failure
modes but assuming rate independency for the matrix dominated
failure modes with the introduction of a scale factor “S” for
modeling the delamination zone, as described in Section 2.
The composite model has also been incorporated in LS-DYNA as
the Material 162 (MAT162) since 2003 [36]. The accuracy of the
model has been reported by numerous users, e.g. Refs. [37e39]. For
examples, the model was used in Deka et al. [36,37] to predict
damage progression in a series of composite panels subjected to
single- and multi-hit impact. Good agreement between the
numerical and experimental results was attained in terms of pre-
dicting ballistic limit, delamination and energy absorption of E-
glass/PP laminate.
In summary, good correlation between the predicted and
experimental results on the ballistic capacities of various composite
laminates seems to indicate that the model provides proper
prediction of the overall energy dissipation during ballistic events
which are dominated by the fiber failure modes. Although the
current simplified approach provides satisfactory results on pre-
dicting the delamination behavior, the rate effect on matrix
dominated modes can be readily included in the model for rate
sensitive matrix materials. The model can also incorporate the
well-known cohesive element approach for better modeling of the
delamination progression. However, this usually requires addi-
tional characterization in terms of the interface fracture parameters
including the peak strength, critical energy release rate and the
associated strain-rate sensitivity properties for the three fracture
modes. Furthermore, cohesive elements must be inserted at every
inter-layer interface in the finite element model to simulate the
laminate delamination. Finally, the use of 3D photogrammetry
techniques to acquire the time history of the panel deflection
profile during a ballistic event will provide an opportunity for
further validation of the models accuracy in future studies.
5. Conclusions
A strain rate dependent lamina model based on continuum
damage mechanics has been successfully developed and imple-
mented within LS-DYNA for modeling the progressive failure
behavior of plain weave composite layers. It can be used to effec-
tively simulate the fiber failure and delamination behavior under
high strain-rate and high-pressure ballistic impact conditions. The
integrated code was successfully utilized to predict the ballistic
limit velocity of composite laminates subjected to high velocity
ballistic impact conditions. Simulations of ballistic impact of
composite panels have been conducted by taking into account the
strain-rate sensitivity of material response. The strain rate effect
will need further investigation by experimentally characterizing
the rate dependent behavior of various composite materials.
Correlation for impact damage such as delamination area will also
need to be conducted when the test data is available in the future.
The present composite material model can provide insight into
the damage development and progression that occurs during the
ballistic impact of composite panels. By identifying specific damage
mechanisms that occur, reinforcement schemes can be determined
to suppress them, which may ultimately enhance the survivability
of the designed protection systems.
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